We show how nonzero small Dirac neutrino masses can be radiatively generated by extending MSSM with right-handed neutrinos and leptoquark chiral multiplets without violating R-parity. In general the leptoquark representations are very restrictive due to the holomorphicity of the superpotential and the cancellation of the anomaly from SUSY leptoquark partners (sleptoquarks). Using theses leptoquarks with a Z 2 symmetry, we construct a model in which neutrino masses are radiatively generated when SUSY and the Z 2 symmetries are softly broken at a few TeV and a few hundred GeV, respectively. With a reasonable coupling strength, we find that neutrino masses generated at one loop level can be naturally of the order of 1 eV with mass splitting ∆m 2 ∼ 10 −3 eV 2 (10 −5 eV 2 ) and right mixing angle(s) between ν µ − ν τ (ν e − ν µ , ν τ ) to solve atmospheric and solar neutrino problems.
I. INTRODUCTION
Many recent experimental observations have hinted at non-vanishing neutrino masses.
The strongest hint is from the Super-Kamiokande underground experiment [1] . They observed an up-down asymmetry of atmospheric ν µ neutrino flux, suggesting an oscillation between ν µ and ν τ . The mass squared splitting ∆m 2 ∼ 10 −3 eV 2 and the mixing angle close to the maximal mixing are required. In addition, the observed solar neutrino fluxes [2] are below Standard Solar Model predictions. The details can be explained by invoking neutrino mixing and therefore neutrino masses. There are two types of solutions. One is the solution due to the MSW mechanism with ∆m 2 ∼ 10 −5 eV 2 and either small or large mixing angles [3] . And another is the so called Just-so solution, which corresponds to a neutrino oscillation in vacuum [4] . The mass squared splitting ∆m 2 ∼ 10 −10 eV 2 and a large mixing angle are required in this case. If neutrinos have masses, they are expected to be small. Present laboratory experimental bounds are [5] m(ν 1 ) < 15 eV, m(ν 2 ) < 0.17 MeV, m(ν 3 ) < 18.2 MeV.
From the cosmological consideration that neutrinos, if with nonzero masses, do not over close the universe, the sum of the light neutrino masses is restricted to be less than a few eV [6] .
In the Standard Model (SM) neutrinos are massless. One needs to extend the SM to accommodate massive neutrinos. There are two types of neutrino masses, the Majorana mass which violates the lepton number conservation by two units and the Dirac mass which respects the lepton number conservation. A Dirac neutrino mass can be generated by a Higgs Yukawa interaction like any other fermions if right-handed neutrinos are introduced. However, this corresponds to an unnaturally small Higgs Yukawa coupling,
, where v is the vacuum expectation value of the Higgs field. To explain the smallness of neutrino mass, one usually use the see-saw mechanism to trade a light neutrino with a super heavy neutrino [7] . Another possibility is to radiatively generate neutrino masses such that the smallness of neutrino masses are due to the suppression from loops. There have been extensive studies of neutrino masses [8, 9] . The see-saw mechanism is the most popular model for small neutrino masses. However, due to the presence of the Majorana neutrino mass term, one must break the lepton number conservation.
Experimentally the violation of the lepton number conservation is yet to be observed. To preserve the lepton number conservation, a natural way to generate small neutrino masses is to generate these masses radiatively [10] . In this paper we will study the radiative neutrino mass in a supersymmetric (SUSY) model with leptoquarks.
Supersymmetry is one of the leading candidates for physics beyond the SM [11] . In the Minimal Supersymmetric Standard Model (MSSM) without R-parity violation one cannot obtain a nonzero neutrino mass. In order to generate neutrino masses one needs to violate R-parity or/and introduce new physics [12] . We consider a general low energy R-parity conserving SUSY leptoquark interaction by introducing leptoquark chiral supermultiplets together with right-handed neutrinos and use these leptoquarks to generate neutrino masses at loop levels.
The quantum numbers of leptoquarks are quite restrictive compared to those in a general non-SUSY theory. This is due to the holomorphicity of the superpotential and the cancellation of the gauge anomaly arising from sleptoquarks. As mentioned earlier with the introduction of right-handed neutrinos, tree level masses can be generated by standard lepton Higgs Yukawa couplings. The associated Yukawa couplings are unnaturally small.
To eliminate these terms, we apply a Z 2 symmetry in the SUSY conserving sector such that no tree level masses are generated. Breaking of such symmetry in the soft breaking sector allows leptoquarks with different Z 2 parity to mix and gives rise to neutrino masses at loop levels. We find that with leptoquark masses at the SUSY scale (i.e. a few TeV) and a mixing mass of a few hundred GeV in the soft breaking sector, neutrino masses in the range of 1 ∼ 2 eV can be generated. Mass splittings ∆m 2 ∼ 10 −3 eV 2 and 10 −5 eV 2 arise naturally in this scenario. The mass splittings and mixings can be naturally in the range required to solve both the atmospheric neutrino and the MSW solar neutrino problems.
II. LEPTOQUARKS AND THEIR INTERACTIONS IN THE SUPERSYMMETRIC MODEL
The matter superfields in MSSM areL,Ê,Q,Û andD. Their quantum number under
1, +1/3) respectively. To explore possible leptoquark interactions, we consider the direct product of these superfields with one lepton and one quark superfields. Below are all of the possible combinations and the corresponding quantum numbers.
We refer superfields which couple to the above terms as leptoquark superfields. The possible such leptoquark superfields are:
Note that the singlet and the triplet combinations ofQ ×L in Eq. (1) couple toŜ ′ andT in Eq. (2) respectively.
These 7 leptoquark superfields contain most general scalar leptoquarks allowed by the [13] . However, not all of them can be present in the theory. The fermion partners of these leptoquarks, sleptoquarks, contribute to anomalies involving gauge bosons. These anomalies must be canceled [14] . It turns out that anomalies fromŜ ′′ ,T andÎ ′ cannot be canceled without introducing additional fields and therefore they are not allowed. To ensure anomaly cancellation, we must have the same number ofŜ andŜ ′ , as well as ofR andR ′ . It is interesting to note that these results also follow from consideration of SUSY leptoquark mass terms in the superpotential. In the SUSY model the superpotential can only be a function of left chiral superfields or right chiral superfields, the so called holomorphicity property. If we try to make up mass terms by leptoquark superfields in Eq. (2), we are left with
only. We conclude that only 4 types of leptoquarks (Ŝ,Ŝ ′ ,R andR ′ ) instead of 7 are allowed.
When right-handed neutrinosN are introduced, there may be additional leptoquarks which correspond to further combinations of quarks and leptons,
These leptoquark superfields arê
The quantum number ofK is the same asŜ. As far as the gauge quantum numbers are concerned, they are the same. We temporarily identify them as the same. Anomaly cancellation conditions are not changed. It is interesting to note thatÎ is conjugate toÎ ′ which has been dropped before. If one allows an equal number ofÎ andÎ ′ in the theory, anomaly cancellation and mass generation conditions for these particles can be satisfied.
They can exist in a theory with right-handed neutrinos.
In the model discussed so far left handed neutrinos can couple to right-handed neutrinos by Higgs Yukawa interactions. However, the small neutrino mass implies an unnaturally small Higgs Yukawa coupling if such interaction is responsible for the neutrino mass. To forbid these terms we introduce a Z 2 symmetry in the model. We assign an odd (-), Z 2 parity toN , while an even (+), Z 2 parity to all MSSM superfields. This forbids the termĤ 2LN in the superpotential. Instead of worrying about the origin of the smallness of the Higgs Yukawa coupling (∼ 10 −11 ), it is simply zero in this model due to the Z 2 parity. In doing so leptoquarks pick up the corresponding Z 2 parity from interaction terms. In particular Table 1 . The particle contents of all possible leptoquark chiral supermultiplets and righthanded neutrino superfields. The numbers in the first bracket are the gauge group quantum numbers and the signs in the second bracket are the Z 2 charges.
The model we now have is an extended MSSM with the standard particle contents plus right-handed (s)neutrino and (s)leptoquarks with Z 2 symmetry. The particle contents and their quantum numbers under Table 1 . The general superpotential involving leptoquarks is given by
where a and b are generation indices of quarks and leptons, and d is generation indices of leptoquarks. We assume the number of generations of leptoquarks to be the same as leptons and quarks. W M SSM is the superpotential of MSSM. In the above we have assumed universal masses for each types of sleptoquarks which are indicated by M S , M R , M K and M I .
III. SOFT BREAKING TERMS AND RADIATIVE NEUTRINO MASSES
If SUSY and Z 2 are exact, one cannot generate a nonzero neutrino mass in this model.
In order to give a nonzero neutrino mass, we break the Z 2 symmetry when SUSY is broken in the soft breaking sector. SUSY soft breaking terms do not allow for a Dirac mass term, nor do they allow for a neutrino Higgs Yukawa interaction even though the Z 2 symmetry is softly broken [15] . Therefore we do not have any neutrino mass term in our Lagrangian at the tree level even if the Z 2 parity is broken in the soft breaking sector. Neutrino mass, however, can now be generated radiatively through the diagram shown in Figure 1 . We list relevant mass terms in the SUSY soft breaking sector,
For simplicity, we omit SU(2) doublet leptoquark superfields such as
It is sufficient to use mixings in S R , K L and S L to generate a nonzero neutrino mass.
Terms with M
where S i are leptoquark mass eigenstates and Γ is the corresponding mixing matrix.
We take the soft masses in the diagonal parts of the mass matrix above to be of the order of the SUSY breaking scale M SU SY . For simplicity, we take the three terms in the diagonal part of the mass matrix M 2 to be diagonal and of the order of the SUSY breaking scale.
We also take off-diagonal parts of the mass matrix M 2 all be of the same order, i.e.
where a, b and c are dimensionless 3×3 matrices of the order of unity, i.e. their elements are of the order of unity. These off-diagonal parts of M 2 should not be too heavy, in order to maintain the positivity of the whole mass (-squared) matrix. Without introducing an additional scale, we take the ∆M be the v scale, since this is the scale just below SUSY breaking scale. M 2 then become,
As a reminder, a and c terms break the Z 2 parity while the b term respects it. The breaking of the Z 2 parity is of the level of
From Eq. Figure 1 , is given by
where M j and M q i are the leptoquark and quark masses, the summation over q i includes d, s and b quarks, the summation over j includes leptoquark mass eigenstates S j , and the function f (x) is from loop integral. N c = 3 is the number of color.
By Taylor expanding the f (M 
where
which by itself is a 3 × 3 matrix. A n , corresponds to changing a S * R into a K * L after n times of mixing mass insertions, while a left-handed neutrino emits a S * R leptoquark and a right-handed neutrino absorbs a K * L leptoquark.
It is straightforward to obtain neutrino masses using Eq. (18) . The coupling h is unknown and must be subjected to experimental constraints. The typical bound from the flavor changing neutral current (FCNC) is h/M ≤ O(10 TeV) [16] . Exchange of leptoquarks can
Experimental data on this decay constrain h * ∆M/M 2 to be less than O(1/(250TeV)) [17] . Taking M = M SU SY = 5 TeV, ∆M = v = 246 GeV and b to be a matrix with elements of order one. We obtain h ≤ 0.4 from both bounds.
We now estimate the value of h which is suitable to generate a neutrino mass in the range
, f (x) in Eq. (19) can be approximated sufficiently as ln x. This implies, for n ≥ 1,
It is then easy to see that a h = 0.003, would give a neutrino mass m ∼ 1.8 eV. The first few terms of m is
With a, b and c of matrices with elements of order one, we obtain neutrino masses of the order of 1.83 eV. If the neutrino mass splitting does not come from the first term, a, but from the second and third terms, then from the second term we get ∆m 2 ∼ 2 × m × ∆m = Since the second and third terms in Eq. (21) are comparatively small, to a sufficient approximation, we can obtain neutrino mixing matrix U by diagonalizing a,
In this model, the elements of U are free parameters of order O(1), the detailed structure of U can be chosen to accommodate various experiments. For example it can accommodate a large ν µ − ν τ mixing, and a large or small angle MSW solution in ν e − ν µ , ν τ mixing [9] .
Note the eigenvalues of a above do not contain any mass splitting. Mass splittings come from second and third terms of Eq. (21). By suitably choosing b and c one can reproduce a mass splitting pattern required in atmospheric and solar neutrino experiments.
We obtain radiative neutrino masses by one mixing mass insertion and obtain mass splittings by further mixing mass insertions, i.e. second and third term of Eq. (21). The above results are stable against higher loop corrections. A two loop diagram will contribute an additional factor of g 2 /16π 2 , where g may be electroweak or leptoquark coupling constants, which is about 10 −4 and 10 −8 respectively. Since a neutrino mass is generated from Z 2 violating diagrams, a leading two loop diagram must have a minimum number of mass insertion which should be one factor of a. Therefore it modifies the coefficient of the first term of Eq.
(21) by adding a 10 −4 correction. The pattern of mass matrix is almost unchanged.
IV. CONCLUSION
In this paper, we have shown that the allowed quantum numbers for leptoquarks are very restrictive in SUSY framework due to anomaly cancellation and sleptoquark mass generations conditions. By introducing a Z 2 symmetry that eliminates tree-level neutrino mass terms but allowing SUSY and Z 2 broken softly, nonzero neutrino masses can be generated radiatively. We have shown that SUSY leptoquarks at the M SU SY scale can generate radiatively a nonzero neutrino mass naturally in the 1 ∼ 2 eV range. Neutrino which has mass in this range provide a good candidate as the hot dark matter [18] . This model also provides mass-squared splittings naturally of the order of ∆m 
